Cardiovascular investigations start with the arterial blood pressure measurement and the easiest and accessible approach takes the recording of the systolic and diastolic pressure levels by a sphygmomanometer, usually during compression of the upper arm, or the wrist (same level as the heart), on the path of the brachial artery. More information on arterial hemodynamic, beyond blood pressure monitoring, could result from investigations based on the pulse wave analysis, like applanation tonometry, which is based on pressure sensed on the arm's surface, at several observation points along the brachial tree.
Introduction
Blood pressure measurement represents the elementary cardiovascular investigation; it commonly is the fast output of a noninvasive test performed at the brachial artery level and gives basic information on the cardio-circulatory system condition [1] , [2] . Blood pressure monitoring techniques use pressure transducers, which are sensitive to changes in the arterial flow, enhanced by local compression; they record deformations of the arterial wall [3] , [4] , [5] . The brachial artery is a preferred location for the measurement because its anatomical and circulatory positions are proximal to the aorta, providing good corelation with the cardiac rate; its path goes close to the skin, where the sensors for measurements in the arterial circulatory system are placed [6] , [7] .
Recent studies suggest that the central blood pressure is more significant and rich in information than the peripheral pressure, although the last one is much easier obtained, and measurement techniques based on pulse wave analysis provide data on hemodynamic parameters, useful for the cardiovascular diagnostic [8] , [9] .
In line with these remarks, Applanation Tonometry (AP) is a method measuring the force needed for the compression of a given elastic surface, to determine the internal pressure; it comes from oculometry (measurement of the intraocular pressure), but its extension to blood pressure estimation, especially applied at the brachial bifurcation, already proved proficient [4] , [10] , [11] .
An array of pressure sensors is distributed on the arm's surface and simultaneous signal recordings are performed. The reactivity and accuracy of the sensors depend on their design; capacitive [12] - [14] and piezoelectric transducers (PZTs) [15] are good candidates for this task. Several sensors are spread on the arm, along the brachial-radial-ulnar tree; they are secured with a cuff, which applanates the surface of the skin against which they are pressed.
Due to fixation and firm contact, the pressure wave that propagates through the arterial wall and the tissue layers (muscle, fat, skin) is sensed through the change in the sensors' state; PZTs generate electrical signals proportional to their deformation, while capacitive sensors modify their electric parameters (capacitance and resistance). This work is concerned with the PZTs.
One could represent the whole arm through a transfer function between the blood pressure and electrical responses [9] , [12] , [13] . In this study we simulated the anatomical domain, i.e. the arm with its main anatomical structure (bone, muscle and brachial artery), using a medical images based generated model [16] , which includes a set of Computer Aided Designed (CAD) [17] PZTs.
The mathematical model integrates three different physical problems: the blood flow dynamics through the artery, the structural deformation of the arm (due to the elasticity of the blood vessel and the muscle) and the piezoelectric conversion of the pending mechanical load into electrical signals.
A More Realistic Computational Domain
While idealized computational domains [15] are usable, there is a growing interest for more realistic ones that may be obtained, for instance, through image reconstruction techniques [20] . Here, Simplewere [16] was used to process DICOM data sets of computer tomography (CT) scans, aiming to create geometries that represent more accurately the human arm anatomy: the arterial tree, the humerus, radius and ulna bones, the muscular and tissue mass, Fig.1 . The gray scale level can be set in the histogram for appropriate rendering, and the available segmentation algorithms, which are used to separate organs and tissues between them, e.g., threshold, floodfill, may be used to single out with controllable threshold and confidence the connected regions growth, Fig.2 .
The morphological filters are suitable to relatively rank the pixels order Figure 1 : Setting the grey level for a data set [16] .
for filling the gaps and preparing the mask for smoothing process. ScanCAD module is then used to build and integrate the sensors with the arm (regroup the masks). Finally, ScanFE [16] produces the finite element (FEM) mesh to be exported for numerical modeling using [18] .
Figure 2: Reconstructed arm [16] , [17] .
Numerical Model Description
The computational domain shown in Fig.3 models part of the arm: bones (humerus, radius, ulna), the main arteries (brachial, ulnar, radial ), and the embedding muscular volume.
Assuming that these arterial segment is of "resistive type" [19] , the hemodynamic flow may be viscous, laminar, incompressible and pulsatile, as described by the momentum balance (Navier-Stokes) and the mass conservation law [20] ρ ∂u ∂t
The computational domain and the boundary conditions.
where u[ kg m 3 is the mass density, and η[P a·s] is the dynamic viscosity. We use the power law type of fluid η = mγ n−1 [20] , where γ [s −1 ] is the shear rate tensor, m = 0.017P a·s, and n = 0.708 are model parameters. This model may solve the discrepancies among published values of the viscosity measured using different techniques [21] . Fig.4 illustrates the velocity boundary condition at the inlet, scaled for the cardiac rhythm of 100 bpm. No-slip velocity conditions are set on the arterial walls. Here, we depart from the previous studies [15] , [20] , and use for the outlets pressure profiles obtained out of AP measurements, Fig.5 .
The structural model is solved for the stress generated by the blood flow, determined in the previous step. We assume that the arteries are large enough and pose no resistance to the flow. The bones are a rigid structure with no deformation. However, the musculature and arterial walls are treated as hyperelastic materials [18] , [21] , [22] -their constitutive law is based on the strain energy density function
where J = det(F) is the relative variation of the volume; F is the deformation gradient; C = F T F is the right Cauchy-Green tensor, and I 1 = trace(C). The initial shear modulus for the muscle is µ = 719, 676P a and the initial bulk modulus is κ = 14, 393, 520P a, corresponding to Poisson's ratio ν = 0.45 [21] , [22] . The boundary conditions for the two cross-sections of the arm (upper part and forehand) are of "roller" type. The stress upon the vessels walls, an output of the hemodynamic problem, is used as boundary condition (load) in the structural analysis of the deformations of arterial walls produced by pulsatile flow.
The PZT model is based on the stress-charge form of the piezoelectric conversion equations F m is the electrical permittivity of the free space and ε rS is the relative permittivity of the isotropc piezoelectric material. The stress on the interface transducer -skin surface, an output of the structural model, is applied as load to the PZTs. The upper faces of the PZTs are fixed by the cuff, which is assumed rigid.
The three coupled problems are FEM solved [18] , in the order in which they were presented. The final result is represented through the output voltage waveforms generated by the PZTs, which are proportional with the blood pressure transmitted through the arterial vessels.
Numerical Simulation Results
First, of concern is the mechanical to electrical conversion of the PZTs [15] . Here we present their electrical output, and observe that they produce a linear response (voltage) when submitted to loads that compare to the AP measurements. Next, of concern is the blood flow. To solve this problem, we assume a one-way hemodynamic-structural interaction. Of a particular interest is the brachial-ulnar-radial bifurcation area, where higher gradients of pressure, and other flow events caused by the reflected pressure wave are expected. Next, the structural problem is solved for, by assuming hyperelastic properties for the blood vessel and tissue that participate to the structural model together with a strain energy density function. The strain energy density derives from an isotropic model. Based on the load field, the structural model for the blood vessels and the arm can be observed. The PZT operates at the slow pulse rate of the circulatory system. The active material is elastic, linear, and with small deformations.
The Pressure Sensor Response
The PZT is loaded with a force that is proportional to the hemodynamic pressure transmitted thorough the arm, Fig.6 , as AP-measured (Fig.5) . The boundary conditions that close the problem (4) ified, normal load for the surface that contacts the skin; the opposite face (by the cuff) is fixed; the lateral side is free, and (electrical): floating potential for the face that contacts the skin; ground for the opposite face (by the cuff); electrical insulation (zero charge density) for the lateral side. Problem (5) was FEM-solved at different moments during the cardiac cycle. Fig.7 shows the deformation,δ, and the output voltage,Ṽ, of the PZT. The two signals are normalized through their maximum values and overlapped, which shows the linear load-voltage response of the PZT. The displacement is presented with circles and the voltage with solid line.
The Hemodynamic Flow
The brachial-ulnar-radial hemodynamic flow is seen through the velocity field (streamlines, arrows) and deformations in Fig.8 -0 .05s, 0.25s, 0.4s, 1s - thorough arrows (red, velocity) and streamlines (blue, streamfunction). The flow structure, at peak flow rate, shows dynamic recirculation regions in the bifurcation, which is a region of high pressure gradient that suggests higher stresses in the vessels walls. This region, of particular interest in atherosclerosis evolution, makes the object of a vast body of literature [23] .
Two major, complex, three dimensional recirculation areas are noticeable in the upstream ulnar and radial arteries entrance regions. Their extension is larger for low flow rate (0,02s, 1s). The recirculation cell in the ulnar section at the maximum flow rate almost vanishes. This bifurcation region is of particular interest in the reflected pressure wave, whose effect is customarily identified in the AP pressure profile [11] (t ∼ 0.44s in Fig.5 ). Of course, the blood vessel shape plays an important role in the flow structure, but in this study the computational domain (including the arteries) are constructed out CT scans, which makes it closer to real situations. Fig.9 shows the traction forces that act upon the PZTs. They echo the state of the hemodynamic flow. The largest load is perceived by the central PZT. This could be explained by the local structure of the arm (the suporting bone mass is larger here), to which adds the arterial tree bifurcation that sieges a complex flow which interacts more with the vessels walls -e.g. the rolls that develop in this region.
The early wave (t ∼ 0.25s) in the brachial artery (Fig.9 ) is currently as- sociated with the fast rise in pressure at the beginning of systole, which is presumably augmented by the reflected compression wave from the bifurcation [6] . The following decay in local pressure (t ∼ 0.3...0.6s) corresponds to a forward-traveling expansion wave, and the further decay at the end of systole accompanies another forward-traveling expansion wave. Similar pressure dynamics are noticed in radial and ulnar arteries due to the reflected waves produced there by the hand. Table 1 . The profiles overlap, except for the interval t ∼ 0.3s...0.6s, where they differ.
As mentioned before, this interval is thought to correspond to a forwardtraveling expansion wave. This departure is more important for the ulnar PZT. It is then interesting to note that the usage of PZTs may be of value in ascertaining such fine details of the hemodynamics that numerical simulations may capture. Further studies will be devoted to these aspects.
Conclusions
This study was concerned with the pulsatile blood flow in the brachialulnar-radial arterial sub-tree, with the aim to understand the usage of applanation tonometry measurements in relation to blood pressure monitoring, the flow-vessel-muscle structural interactions that occur in the related bifurcation, and to assess the ability of PZTs to sensing of the fine details of the hemodynamic.
The numerical simulations performed using a more realistic computational domain produced through reconstruction techniques and starting from CT scans evidence the complex hemodynamic flow. In particular, the dynamic recirculation cells located by the bifurcation, in the ulnar and radial arteries, are clearly evidenced. They are accompanied by high pressure gradients and deformations, as confirmed by the response of the PZT located above the brachial-radial-ulnar junction. This region may be less exposed to plaque deposition, but the recirculations in the radial and ulnar arteries -more likely favorable for plaque deposition -may menace the bifurcation through vascular fracture.
The pressure wave in the arteries is transmitted through the arm and is sensed by the PZTs. The electrical response of the PZT in this study is linear.
The voltage outputs of the PZTs, properly represented, evidence the discrepancies (shift in time and amplitude) in forward-traveling expansion waves in the three arteries. This departure is more important for the ulnar PZT output. Consequently, the usage of PZTs may be of value in ascertaining such fine details of the hemodynamics that numerical simulations may capture.
